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3ABSTRACT
Nondestructive neutron activation analysis employing reactor
neutrons and Ge(Li) gamma-ray spectrometer has been used to determine
the trace elemental level of air particulates in various ateas of Hong.
Kong. Comparison of the average concentrations of the trace elements
of air particulates was made among industrial, heavy-traffic and
residential areas. It was found that industrial areas have higher
concentration of Co, Cr, Hg, Mn and Zn, while heavy-traffic areas have
very high concentration of Br. Comparison of pollution level of Hong
Kong with other cities wad also made. The average concentrations of
Co, Cr, Hg, Zn and Br of air particulates in Hong Kong were found to
have higher values than those of the other cities. Finally, daily
variation of trace elemental level in a special area (Hung Hon) had
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The Earth's atmosphere has always been polluted to certain extent.
In nature, the explosions of volcanoes, the fires of forests by lightning,
and salt sprays from the sea are the unavoidable sources of atmospheric
pollutants. It was not, however, until the onset of the industrial
revolution and-large scale urbanization that man-made pollutants. were
added into the atmosphere at a tremendous rate. Air pollution becomes
a serious problem upon the industrialization and urbanization of the
society. A thorough study of this problem and hence the control of air
pollutants should be made.
1.1 The problem of air pollution in Hong Kong
Along with the industrialization and urbanization of the city, air
pollution problems have developed in Hong Kong. /1,2/ However the problems
are some what different in nature to other polluted cities in the world.
On the map, Hong Kong is situated at the south coast of China. The
nearest industrial city is Canton which is about ninety miles away in
north-west. The next nearest is Swatow about one hundred and twenty miles
away. That is to say, Hong Kong receives very little polluted air from
the neighbouring cities and air pollutants are generated locally. This
is a situation quite different from many cities in Europe or America
where polluted air from neighbouring cities is unavoidable.
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Though Hong Kong has a total.land area of 1052 square kilometres,
only 13.6 per cent is built-up area. About 4.5 million people are crowded
inside this small built-up area./6/ The need of labour resources causes
most of the factories are built very near the areas of dense population.
Streets in urban areas are not very wide, and run between very high
buildings. Exhaust gases from vehicles are not well ventilated. As a
result, the air pollution problems are aggravated.
In July 1966, a committee was appointed to investigate the problem
of air pollution in Hong Kong. The concentrations of sulphur dioxide and
particulates in air were measured throughout the years from 1966 to 1969.
High concentration of sulphur dioxide in Hung Hom area was reported./1/
For the measurement of the air particulates, only the concentrations of
the particulates were investigated. Their elemental compositions and
concentrations had not been determined. Recent researches /7,8,9,10,11,12,13/
show that air particulates are composed of many toxic trace elements such
as Br, V, Cr, Sb, Pb, and Hg. These toxic trace elements have close
relations to man's health. Therefore it is worthwhile to study the trace
elements of the air particulates in Hong Kong. Results of the analysis
show that bromine was found to has high concentrations in Tsim Sha Tsui
and Central District.
1.2 The neutron activation analysis of air particulates
Neutron activation was originally used in 1936 by Von Hevesy and
Levi to detect dysprosium and europium activities in rare earth mixtures
without tedious chemical separations. Since then there have been wide-spread
applications and many refinements of this method. In the recent ten years,
the development of high energy resolution lithium-drifted germanium gamma-ray
detector improves the techniques in gamma-ray spectrometry.
3In this technique, a stable nuclide is made radioactive by the
irradiation of neutrons. The decay characteristics of the activated
nuclide allow identification and quantitative measurement of the original
stable nuclide. The sensitivity of this technique is extremely high for
a large number of elements. Many elements can be detected at nanogram
scale./25/ Unlike the wet chemical method, the loss and contamination
of*the sample are rather small. Neutron activation analysis is attractive
in the determination of trace elements in air particulates.
In this work, samples of air particulates were irradiated by the
thermal neutron obtained from a water-pool type nuclear reactor. The
gamma-ray spectrum of each activated sample was detected by a Ge(Li)
gamma-ray spectrometer. Elemental compositions of the sample were determined
qualitatively and quantitatively from the shape and intensity of gamma-ray
spectrum. Over twenty elements were determined in samples of air particulates
in Hong Kong.
4CHAPTER 2
Theory of neutron activation analysis
When a stable isotope is bombarded by neutrons, it is transmuted
to a radioactive isotope. In particular, if the neutrons are thermal
neutrons, the radioactive isotope is created by neutron capture immediately
followed by emission of gamma ray. Examples are A1327(n,r) A128 and
13 13
27co59 (n,r) 27co•60
Suppose a stable isotope A is changed into radioactive isotope B
by bombardment of neutrons, and isotope B decays into another stable
isotope. During a steady-flux neutrons irradiation, the net rate of
formation of B is simply given by
(2.1)
where NB= number of the product nuclei B
NA= number of the target nuclei A
0= irradiation flux, neutrons/cm2/sec.
= reaction cross-section, cm.2
= decay constant of product nuclide B
Initially, no isotope B is supposed to be presented at the beginning
of irradiation. The amount of B at the end of irradiation is obtained by
integrating equation (2.1),
(2.2)
Where ti= irradiation time
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Therefore the activity of B, Ao, at the moment of the cessation of
irradiation is
Ao= NB(ti)
(2.3)= NA 5( 1- exp(- ti))
Usually, the activated sample is counted after some decay time, td, counted
from the end of irradiation. Neglecting the activation tern. in equation (2.1)9




The amount of B at any time t, NB(t), after the irradiation is obtained
by integrating equation (2.4) with initial condition NB(t=0)= NB(ti)
NB(t)= NB(ti) exp(- .t). (2.5)
The activity of B at this time, A(t), is
A(t)= NB(t)
= ANB(ti) exp(- t)
= NA4 6( 1- exp(- Ati)) exp(- At) (2.6)
To determine this activity of B, the corresponding photopeak area, Cp,
was measured for a period of time, t.. Correcting for the detector efficiency,
E, and the partial yield of the gamma-ray measured, Ia, the corresponding




























T2/1= half life of the product nuclide B
No= Avogadro's number, 0.02 x10 23 atoms/mole
W= weight of the element corresponds to the target isotope A
a= fractional isotopic abundance of the target isotope
M= atomic weight of the target element.
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Thus the weight of an element presents in the sample is given by
(2.13)
Equation (2.13) was used in calculation of the weight of the elements
present in the sample of air particulates.
8CHAPTER 3
Sampling
In measuring air pollutants, care must be given to the sampling of
such pollutants. The sampling equipments, field sampling techniques, and
sampling locations should be carefully selected in order to meet the
purpose and the method of analysis./4/
3.1 The sampling equipments
Air particulates are collected by passing through a filter which
permits a high flow rate and also has good particle retentivity. Major
equipments of this sampling procedure are: a filter paper with holder,
a vacuum pump, and a air flow rate meter.(see Figure 1)
3.1.1 Filter paper and filter holder
There are many types of filter papers such as glass fiber filters,
membrane filters, nucleopcre filters, and cellulose filters. Except the
cellulose filters, most of the filters are not suitable for nondestructive
neutron activation analysis due to their high blank values./10,23/
Cellulose filters are mats of randomly oriented cellulose fibers. They
have plenty of void space and high efficiencies for the removal of
small particles. Among the cellulose filters, Whatman 41 filter paper
of 25 mm in diameter was chosen for air particulates collection. Whatman 41
filter paper is an acid-washed paper with low blanks, high particle
retentivity and ease of handling. Typical characteristics of the filter
9
paper are listed in following table,
Table 1
Filter characteristics of Whatman 41 /4/
temperature head lossweight per ashthicknessvoid size
unit area content ceiling at 50cm/sec
150 °C
9.1 mg/cm2 15.1 mm Hg180.m 0.01%
4 Jm
Whatman 41 filter paper can remove 98% of particles about 0.2 Ju,m in
diameter when face velocity is about 100 cm/sec. That is to say, if the
effective .area of filter is 5 cm2, 98% of particles can be collected
at a flow rate of 500 cm3/sec.
The filter holder consists of a cap and a chamber. The chamber has
a gas outlet connects to the inlet of the vacuum pump. During the sampling,
filter paper is fixed between the cap and the chamber. In order to avoid
contamination, the holder is made of lucit.
3.1.2 Vacuum pump and flow rate meter
Two types of vacuum pumps (see Figure 1) wre used for sampling.
A diaphragm pump (model Dymax 2A, Charles Austen Pumps Ltd., England)
was used for 24-hour sampling, and a carbon vane pump (low volume air
sampler, model LV-1A, The Staplex Company, U.S.A.) was used for 2-hour
sampling. Both pumps are light weight and easily portable. They are very
suitable for field sampling.
The diaphragm pump has a very low capacity of one litre per min at
atmospheric pressure. For each 24-hour sample, about 1.5 m3 of air was
sampled. The flow rate of the pump was calibrated with a wet test meter.
The average value of flow rate was 1.11± 0.03 litre per min.
10
Figure 1. Sampling equipments.
Figure 2. Filter paper and filter paper holder.
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The Staplex air sampler has a.higher capacity of 30 litre per min
at atmospheric pressure. It is able to sample 1.8 m3 of air in one hour.
The sampler has an installed rotameter and an integral control value which
are used for the measurement and control of the flow rate. The accuracy
of the rotameter is within five per cent.
3.2 Sampling parameters
3.2.1 Sampling location
Sampling locations were chosen according to the classifications of
industrial, heavy traffic, and residential area. Most of them are located
in Kowloon and northern part of Hong Kong Island. The sampling height
above the ground level varies from 5 feet to 50 feet.
3.2.2 Sampling time
Two ranges of sampling time were used: long period (24-hour) and
short period (2-hour). Long period sampling gives the daily average
concentrations of pollutants, and short period sampling gives the day-time
concentrations of pollutants.
3.2.3 Sampling rate
The sampling rate is mainly determined by the amount of sampled
particulates required for analysis and the concentration of the particulates
in air. Preliminary investigations show that the amount of particulates
in 2 m3 of air is normally sufficient for analysis. Hence long period
sampling requires a sampling rate of 1.2 litres per min and the short
period sampling requires 30 litres per min.
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Table 2
Classification of sampling locations
ClassificationSampling location
residentialA. Tai Wor Hau EstatE
residentialB. Yau Tong
industrialC. Kwai Chung
industrialD. Cheung Sha Wan
industrialE. Tai Kok Tsui
industrialF0, Hung Ham
residentialG. Tung Tau Estate
residentialH. Tokawan
heavy trafficI. North Point
heavy trafficJ. Mon g Kok
heavy trafficK. Central District
residentialL. West District
residential, industrialM. Aberdeen
reisdential, industrialN. Chai Wan
heavy trafficP. Tsim Sha Tsui
industrialQ. Kwun Tong
residentialR. Castle Peak
residentialS. Tai Po Market














Figure 3. A map of sampling locations.
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3.3 Pre-irradiation treatments of samples
The application of neutron activation technique on the analysis of
sample requires simple preliminary treatments only. After the field
sampling, the filter paper was folded up carefully to prevent the loss
of air particulates. The folded filter paper was packed with a larger
filter paper of same type, and was put inside a clean polyethylene bag.
For pre-irradiation treatment, the sample filter was unpacked
and 100 ,1 solution of pure RbC1 (contains 17.1 /agm of Rbcl) was added
to the sample with a 100-µ1 pipette as neutron flux monitor. Upon evaporation
to dryness, the filter paer was packed again in the same way as previous
described.-This sample was then ready for neutron activation analysis.
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CHAPTER 4
Nondestructive neutron activation analysis
Instrumental activation analysis requires no chemical separations.
The sample will not be destroyed. It remains essentially unchanged, and
can be used for further investigations or repeated analyses after the
decay of the induced activity. On the other hand, its fast speed, simple
operations,. and ability to determine short-lived isotopes are the
advantages. Instrumental activation analysis determines the amount of
isotopes directly from the gamma ray spectrum of the activated sample.
Due to the complicity of the compositions of air particulates, a high
energy resolution Ge(Li) gamma-ray spectrometer is required.
4.1 Equipments
Major equipments of the analysis are: a nuclear reactor which supplies
the neutrons for sample irradiation and a Ge(Li) gamma-ray spectrometer
for gamma ray detection.
4.1.1 Nuclear reactor
The most common and useful source of thermal neutrons (neutrons in
kinetic-energy equilibrium with the surrounding temperature at 20° C
this corresponds to an average neutron kinetic energy of 0.025 eV) is
the nuclear reactor. All samples of air particulates were irradiated in
a neutron flux of about 5X1012 neutrons per cm2 per sec (power level
of the reactor is 700 kw) at the research reactor of National Tsing Hua
University. The reactor is of water pool type, in which a lattice of
16
fuel elements each containing some is located in a deep pool of
water.
The neutron flux is high and fairly uniform inside the core of the
reactor. The thermal neutron flux reaches a maximum value at the boundary
between the core and the reflector and drops off rapidly outside the core.
With the help of an internal neutron flux monitor, the integral value of
neutron flux of each sample can be determined. In this work, rubidium was
chosen as the internal neutron flux monitor. It was chosen for following
reasons:
(1) It can be activated into nuclides of short half-life and long half-life,
Half-life of Rb8 m and RbB0 are 1.05 min and 18.66 days respectively.
(2) Rb86m and Rb86 are monoenergetic radioactive nuclides.
(3) Air particulates have no measurable concentration of rubidium.
In this work, rubidium is added to the filter samples in chloride
form. Some physical properties of rubidium chloride are shown in Table 3.
Table 3
Properties of rubidium chloride /27/
Solubility
Molecular Density Melting Boiling Heat of
(gm/1 OOgm.H2O)
weight° at 0° C dissociationpoint point100°C
2.7302gm/cm377 1383° c717° C 92.9kcal/mole1120.921139
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4.1.2 Ge(Li) gamma-ray spectrometer.
A Ge(Li) gamma-ray spectrometer mainly consists of a Ge(Li) gamma-ra
detector and a multi-channel analyser. The detector is a single crystal
of lithium drifted germanium and is kept at liquid nitrogen temperature
(77°K). Electron-hole pairs are produced when gamma rays are incident on
the crystal. These electron-hole pairs are collected by the electrodes to
form electrical pulses. The electrical pulses are then amplified and inpu-
into the multi-channel pulse height analyser. The pulses are counted and
stored into different channels accordings to their magnitude which is
proportional to the energy of incident gamma ray.
At National Tsing Hua University, a 38 cm3 coaxial Ge(Li) gamma-ray
detector( ORTEC, U.S.A.) and a 4096-channel multi-channel analyser
( Howlett Packard, U.S.A.) were used for the measurement of short-lived
and intermediate-lived unclides. The long-lived nuclides were measured
at the Chinese University of Hong Kong with a 81 cm3 coaxial Ge(Li)
gamma-ray detector( ORTEC, U.S.A.) and a 1024-channel multi-channel
analyser( ORTEC, U.S.A.).
Ge(Li) gamma-ray detector is markedly suitable for instrumental
activation analysis due to its high energy resolution. /19/ The energy
resolving power of Ge(Li) detector at National Tsing Hua University and
The Chinese University of Hong Kong are respectively 3 keV and 2.5 keV
at 1332.5 keV.
The detection efficiency of the detector is a measurement of the
percentage of gamma ray which can be effectively detected. Its value
depends on the intrinsic properties of detector, co,_mting geometry, and
the energy of the gamma ray./19/ Calibration curves of the absolute total
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peak efficiency as a function of gamma ray energy are shown in Figure 5
and Figure 6. These calibration curves were obtained at the same source
to detector distance as that of the samples.
4.2 Irradiation and counting procedures
For each sample, there were two irradiation periods and three counting
periods. At first, the sample was irradiated for one minute at a neutron
flux of 5X1012neutrons/cm 2/sec using a pneumatic rabbit system. After
the irradiation, the sample was transferred into a clean polyethylene bag.
It was allowed to decay two minutes prior to counting for five minutes on
a Ge(Li) gamma-ray spectrometer. The sample was not counted immediately
after irradiation in order to avoid interferences resulting from high
r
activity of Al28. The half-life of Al2` is 2.3 min, a decay period of
2 min allows the activity of Al 28 to decrease by a factor of two. Though
longer decay period can lower interferences of Al28, the measurement of
Ti 51 and V52 (half-life equals to 5.8 min and 3.8 min respectively) will
becomes difficult. A typical spectrum of the sample is shown in Figure 8.
For long irradiation, quartz tubes of external diameter equals to
0.8cm and length equals to 6 cm were used. The quartz tubes were washed
with washing solution (about 2 ^-3% of concentrated HNO3 in pure acetone)
three times, and then washed two times with pure o_cetone. After the washing,
the quartz tubes were dried under illuminous lamp. The samples were rolled
and put inside the clean quartz tubes. The quartz tubes were then sealed
and put inside a polyethylene container. The samples were re-irradiated
together at a neutron flux of -5X1012neutrons/cm 2/sec for twenty-two
hours. After the irradiation, the quartz tubes were broken carefully and
the samples were transferred into a clean polyethylene bag. The samples
were allowed to decay 5 days and 25 days prior to counting periods of
19
20 min and 4000 sec respectively. In the measurement of intermediate-lived
nuclide, the high activity of Nat' (half-life equals to 15 hours), due to
its large aboundance in air particulates, contributes large interferences.
A decay period of 5 days was needed to decreases its activity so that
other intermediate-lived nuclides can be measured.. Typical spectra of
the sample for intermediate and long decay time are shown in Figure 9










Figure 4a. Schematic diagram of gamma-ray spectrometry system.
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Figure 4b. Gamma-ray spectrometry system at Isotope
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Fligue 5. Absolute total peak eficiency calibration curve of the Ge(Li) gamma-ray detector
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Figure 6. Absolute total peak efficiency calibration curve of the Ge(Li) gamma-ray detector
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Figure 8. Gamma-ray spectrum of air-particulate sample.
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Figure 10. Gamma-ray spectrum of air-particulate sample.
Bk indicates peaks occurring in background.
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4.3 Data analysis
The analysis of data is divided into two parts: qualitative analysis
and quantitative analysis. Qualitative analysis is the identification of
radioactive nuclides which contribute gamma rays to the observed spectrum.
Quantitative analysis is the determination of the abundance of the gamma
rays and hence the concentration of observed elements. Before the analysis,
the counting data were smoothed with the help of a Basic program in order
to minimize the effect of statistical fluctuations.
4.3.1 Qualitative analysis
The identification of a radioactive nuclide mainly depends on the
appearance of its gamma-ray spectrum and its half-life. At first the
positions of photopeaks of the observed spectrum were located. The
corresponding energies of these photopeaks were calculated from the
energy calibration curve. From the energies, a list of possible nuclides
were obtained. The nuclides were further identified on the criteria of
their half-lifes and know spectra. For example, Co 60 can be identified
from the presence of 1173.2 keV and 1332.5 keV gamma rays at equal intensity.
T51 and Cr51i can be identified separately, although they emit same energy
gamma ray (320.0 keV). It is because they have different half-life
(half-life of Ti51 and Cr51 are 5.8 min and 27.8 days respectively).
In Table 4, the half-lives, gamma ray energies, and their absolute intensities
of each found nuclides are listed.
29Table 4
The half-life, gamma ray energy, and their
absolute intensity of nuclides /19,20/
Abs. intensity Other mainEnergy of r-ray
forHalf-lifeNuclide
T-raysidentification (no. of photons
per 100 disint.)( keV) ( keV)
Al 28
2.31 mins 1778.9 100
2,696 daysAu198 411.8 96.8
Br 82
83.535.34 hrs 776.6 554.31 619.0
145.432.38 daysCe141 49.0
co 6o





1098,044.6 daysFe59 56.5 1291.5, 192.5
83.043 daysH f181 482.2 133.1, 345.7
8100279.146.6 daysHg203
40.2 hrsLa140 486.8 328.6, 1595.447.2
208.46.7 days 11.0Lu177 113.0
846.92.58 hrs 100MM1n56 1810.7, 2112.8
15 hrs 1368.4Na24 100 2753.6
1 *05 rainsRb8om 100555.8
1076.618.66 days 8.8Rb86
602.660.2 daysSb124 1690.797.9
Sc46 83.85 days 889.4 100 11120.3
sm 153
103.247 hrs 28.2
27.0 daysPa233 299.9311.8 38.0
5.8 winsTi51 95.4320.0
v52 3.76 wins 1434.4 100
W187 23.9 hrs 134.3 10.1 479.3p 685.7
32 daysYb169 110.0 29.1 63.5, 177.0
Zn 65
243.7 days 1115.4 52.4
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Table 5
Nuclear data of the nuclides /20,21]
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4.3.2 Quantitative analysis
Quantitative analysis has two parts: the computation of the photopeak
areas and the calculation of elemental concentration from the photopeak
areas. Methods concerning the computation of photopeak areas had been
introduced by many authors in elsewhere./22,23,24/ Among this methods,
the smoothed first derivative method /23/ is simple and accurate in the
computation of net photopeak area./24/ Net photopeak area is determined
by summing the counts in the channels of the photopeak and subtracting a
linear background determined from the boundary channels on each side or
the photopeak. The boundary channels are determined from the smoothed first
derivative of the photopeak.
The net photopeak area is calculated as following equation,.
(4.1)
where Cp= net photopeak area
Ci= counts in channel i
L= left boundary channel number not included in the photopeak
R= right boundary channel number not included in the photopeak
At National Tsing Hua University, an on-line mini-computer (2116C
Basic mini-computer, Howlett Packard) was used for the analysis of the
spectra. Photopeaks were identified and their areas were computed by a
Basic program which was stored inside the on-line mini-computer.
From equation (2.13), the neutron flux of the sample is
(4.2)
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Since a known amount of internal flux monitor (Rb) was added to
each sample, therefore the neutron flux of the sample can be calculated
from the photopeak area of gamma ray of the activated flux monitor and
the known values of other terms in equation (4.2). With this value of
neutron flux and the photopeak areas, corresponding weights of elements
were calculated by equation (2.13). Finally, the elemental concentration
of air-particulates is given by
Weight of element
Elemental concentration= (4.3)
Volume of sampled air
However the analysis of RbCl on blank filter paper (same type as
those filter paper used for sampling) showed that there are blank values
of Cr, Na, and Sb. Following values are their blank values in the filter
paper which was added with 17.1 /ugm of RbCl:
Cr: 23 ± 8 nanogm.
Na: 910 ± 90 nanogm.
Sb: 6 ± 2 nanogm.




Sensitivity and error analysis
5.1 Sensitivity
From equation (2.12), photopeak count is directly proportional to
the thermal neutron flux, 0 to the fractional isotopic abundance, a
to,the isotopic thermal neutron cross-section,at to the absolute intensity
of the gamma ray, I a and to the efficiency of the detector, E. It is
also inversely proportional to the atomic weight, M, of the element and
dependent in a more complex manner upon the irradiation time, t,, the
decay time, td, and the counting time, tc. All these factors determine
the sensitivity of neutron activation analysis. A straight-forward way
to specify the sensitivity of an analytical method is to give its detection
limits for various elements. Criterion in the calculation of detection
limits had been introduced by J. D. Buchanan./25,26/ The defined minimum
detectable photopeak counting rate is taken as 1000 counts per min for
T t 1 min, 100 counts per min for 1 min< T1 <1 hr, and 10 counts per min
2
for Tk Z1 hr. According to this criterion the detection limits for the
determination of trace elements in air particulates were calculated and
shown in Table 6. In most cases these calculated values agree with the
experimental sensitivity. But in some cases the experimental sensitivity
is severalfold better than the calculated value. Anyhow these calculated
detection limits show the high sensitivity of neutron activation analysis.
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Table 6
Sensitivities for determination of trace elements in air particulates































The sources of errors can be classified into statistical errors and
systematic errors. Statistical errors are errors in counting statistics
of the sample, and systematic errors are errors due to variation of
neutron, gamma ray self-absorption, thermal neutron self-shielding, and
accuracy of photopeak area computation.
5.2.1 Statistical errors
Radioactive decay is a statistically random process. The counts
obtained in the measurements of gamma-ray intensity emitted by a radioactive
substance have statistically fluctuations. Suppose a radioactive sample
is counted for a period of time, t, and N counts are recorded. The standard
deviation of N is simply±
In gamma-ray spectrometry, photopeak area is obtained from the sum
of counts in the channels of the photopeak with appropriate base aces
Subtraction. In equation (4-1), the base area is equal to
The standard deviation of this base area is simply
Therefore the standard deviation of the photopeak area is
(5.1)
In the calculation of the weight of elements in a sample, the counting
statistics of the neutron flux monitor should be taken into consideration
also. The standard deviation of the weight of an element is
(5.2)
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where W= weight of the element
Cp= photopeak count of the corresponding element
SP= standard deviation of the photopeak count of the corresponding
element
CPF= photopeak count of the flux monitor
SPF= standard deviation of the photopeak count of the flux monitor
5.2.2 Systematic errors
Thermal neutron self-shielding and gamma ray self-absorption within
the sample are sometimes great problems in neutron activation analysis.
The presence of elements having very large thermal neutron cross-section
(10 barns or higher) causes a large absorption of thermal neutrons.
A neutron flux gradient is established within the sample. Errors resulting
from this inhomogeneous neutron flux are called neutron self-shielding
errors. For large sample, emitted gamma ray may be absorbed or scattered
within the sample itself. Corrections are needed if such gamma ray self-
absorption appears at significant level. However the two effects introduce
negligible errors in the analysis of air particulates. The size of each
sample is 25 msm (diameter) X 0.2 mm (thickness). Neutron self-shielding
effect and gamma ray self-absorption effect of such sample are negligible.
Another systematic error which is present in neutron activation
analysis is the variation of neutron flux. In equ ition (2.13), the weight
of an element is c..:lculated on the assumption of constant neutron flux.
However neutron flux is not necessarily constant during the irradiation.
It has spatial variation as well as time variation. in order to minimize
the effect of flux variation an internal flux monitor, Pub, was used.
From the activity of Rb, average neutron flux for each sample was calculated.
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Unless the variations of neutron flux is very large, only negligible
errors are introduced.
Finally, there are errors arise from the inaccuracy of the nuclide
constants such as isotopic abundance, thermal neutron cross-section,
half-life, and absolute intensity of gamma ray. Isotopic abundance and
half-life of nuclides are measured to very accurate level and their errors
are negligible. For most nuclides, the accuracy of thermal neutron cross-
section is within 5 %,/21/ and the accuracy of absolute intensity is
within 5 %./20/ Some errors have been introduced due to the inaccuracy




6.1 Elemental concentrations of air particulates in Hong Kong
In this study of air particulates in Hong Kong, a total of thirty-six
pearticulates samples were analysed. Among this samples, twenty-your of
them are 2-hour samples of seventeen different places in Hong Kong.(Figure 3)
The remaining twelve samples are 24-hour samples of four different places
(Figure 3), especially, seven samples were sampled continuously at Hung Hom
in order to study the weekday variation of trace elements in air particulates.
Totally twenty-three elements were determined in the air-particulate
samples. The elements Al, Br, Fe, Sb, Sc, and Zn were found in all
samples; and Co, Cr. Mn, Tn, Hg, Sm, and La were found in most samples;
and Au, Ce, Cu, Hf, Lu, Ti, V, W, and Yb were found in some samples only.
Ressults of the analysis are presented in Table 7 and Table 8.
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Table 7
Elemental concentrations of 2-hour air-particulate samples
( ngm/m3)
Sample B03Sample A02 ISample A09 Sample B05Element
III 1 630 -i- 20021 90+ 2502240+ 2101020±60Al
0.068+ 0,012 0.018+ 0.009 0.022+ 0.009Au
34.4+ 2.421.0+2.413.,'+1.6Br 4398± 3e7
4.7+ 2.2Ce
III 0.70± 0.32 0.88+ 0.270.32+ 0.161.28+001+2Co
13+11Cr
207+ 59Cu
2730+ 290 3210+ 2501120+ 130Fe 1450± 300
hif
5.01+ 0.732.64±0.817.0+ 1.4 3.6+1.1Hg
1.06+ 0.372.18+ 0.400.81+ 0.47La
Lu
121)+16{ 123± 1512.3+ 2.44.8+ 1.7Mn
2050+ 1202670+1403050± 180 1370+ 90Na
1.3+ 1.11.2+ 1.11.40+ 0.724.5+ 1.8Sb
0.141+ 0.037 0.141 4- 0.0250.239+ 0.037 0.237+ 0.020Sc
0.701+ 0.078 0.274.+ 0.0460.354+ 0.085 0.707+ 0.065Sm





120+17405+ 2710+ 17 30+14Zn
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Table 7 (cont'd)
Elemental Concentrations of 2-hour air-partivulate samples
( ngm/m3)
Sample C11Element Sample C12 Sample D14Sample Dl3
16600+ 2800Al 14400+ 3900 2720+ 310 3360+ 920
0.242+ 0.044 0.486+ 0.048 0.033± 0,025 0a026+ 0.015Au
151.4+ 8.4 108.0+ 6.8Br 41.6+ 4.8 52.7+ 4.4
Ce 38.6+ 4.9 32.4+ 4.7
50.3+ 1,6 64.6± 1.6 5.51+ O.U5Co 2.64± 0.48
301 +16 113+ 11Cr 3218± 512696+ 43
2950+ 8602040+ 290Cu
27100+ 11001 17 +90+ 780 1720+ 6302540+ 760Fe
i
Hf
3.8+ 2.25.8+ 2.4 21.3+ 2.8 14.1+ 2.1Hg
12.4+ 1.5 8.3+ 1.? 0.7+ 0.5La
Lu
24+6660+ 180Fn 555+ 95
2 810± 220 300+ 210 3210+ 190 2590+ 160Na
9.9+ 2.711.1+ 2.6 4.9+ 2.6Sb 5.9+ 3.1






4.3+ 1.0 3.3+ 0.9Yb
629+61642+65 14850+ 290Zn 26400± 430
i
40Table 7 (contt'd)
Elemental concentrations of 2-hour air-particulate samples
( ngm/m3)
Sample H19Sample G18Sample EllSample E16Element
990+ 120Al 960+ 99 1170+ 97381+ 41
0.592+ 0,035Au
32.6+ 2.5 29.0+ 3.0 67.0+ 4.2Br 45.1± 3.7
Ce
0.91+ 0.38 Ooog+ 0.250.74+ 0.300.90+ 0.32Co
7.7 +7.012.0+ 6.2 10.5+ 5.'rCr
Cu





6.1+ 2.127.2+ 4.916.5+ 3.0
1340+1201140+ 1203380+ 1705880+ 320Na
3.9+ 1.331,0+ 1,311.3+ 1.5 5.9+1.4Sb
0.054+ 0.024 0.148+ 0.033 10.099± 0.027Sc






18±19216+19 74+23Zn 362 ±19
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Table 7 (cont'd)
Elemental concentrations of 2-hour air-particulate samples
( ngm/m3)
Sample K23Sample J28Sample 121Sample H2OElement
27800± 8200 6190± 730 3390± 320Al 3170± 310
2.33± 0.13Au











3410± 230 2000±2603900± 2301310± 120Na








1718±68 493±35 295±30Zn 48±24
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Table 7 (cont'd)
Elemental concentrations of 2-hour air-particulate samples
( ngm/m3)
Sample N27Sample M26Sample L25Sample L24Element
7100± 16002630± 2702760± 260 680± 48Al
0.030± 0.013Au
135.9±8.011.5±1.8 36.6± 3.626.3± 3.4Br
18.1±2.45.2± 2.447.0± 2.011.5± 2.3Ce
1.19±+0.461.98±0.35Co




















Elemental concentrations of 2-hour air-particulate sample
( ngm/m3)
Sample S32Sample R31Sample P29 Sample 030Element
12300+ 2200 127000+ 18000Al 2720+ 360 3860+ 410
0.234+ 0.046Au
16.2+ 3.3Br 8599+ 5.7668+ 30
64.5+ 2.8 5.2+ 2.02.8+ 2.216.9+ 2.5Ce
44+ 0.61 1.29± 0.332.29+ 0.511.03+ 0.44Co
12.3+ 6.196.1± 6.9 5.3+ 7.111 .1+ 7.6Cr
Cu
3450± 26015860+5101980± 260Fe 2240± 340
1.57+ 0.51Hf
1.97+ 09814.1+ 1.17.8+ 1.7Hg
42.8+ 2.81.21.+ 0.563.0± 1.1La
2.83+ 0033Lu
37 -5+ 5.766+ 4516.9+ 4.3in 48±12
2340+2102640+ 290 1960+ 3306960± 450Na
8.4+ 200 1.7+ 1.32.1+ 1 .4Sb 5.7+1.9
4.92+ 0,10 0*334± 0.0350.368± 0.043 0.155+ 0.036Sc
0.52+ 0.1 1909+ 1,010.61+ 0.15Sm
27083+ 0.70 1.52± 0.330.79+ 0.423.07± 0.48Th
Ti
202+ 25 69.9 J- 7.3V
w
10.07+ 0.600.3+ 0.4Yb
168+24185± 28 100 +29Zn
44Table 8
Elemental concentrations of 24-hour air-particulate samples
( ngm/m3)
Sample 15BSample 14BSample 11 ESample 10Edement
4300± 61047510+ 1109220± 120Al 4300 ±410
0.484± 0.0720.365+ 0.05EAu
92.7+ 6.3201+ 12103.7± 7.4 42.7+ 4.1Br
43.1± 6.4 7.2+ 4.220.4± 5.9Ce
2.52+ 0.6349.2+ 109.. 1e54+ 0.5720.7+ l o6Co
19+ 1023+ 10127+ 15101± 12Cr
660+ 170Cu
19000± 120010390± 810 2180+ 48032-40± 390Fe
Hf
3.8+ 1.8808+ 2.96.8+ 2.5Hg
20.5+ 2.38.5+ 1 .4La
Lu
950+ 230 77.0+ 9.8 240+ 37Mn 342±45
2640± 190 6690+ 310 7030+ 3606590+ 380Na
12.0+ 2.3 16.3+ 2.531.7+ 3.9Sb 30.1± 3.3
3.38+ 0.14 0.48+ 0.07 0.40+ 0.080.88+ 0.11Sc
0.16+ 0.085.39± 0.38 0.79± 0.111.96± 0.21Sm
0.78+ 0.621,44+ 0.566.3+ 1.14.79± 0.59Th
390-±- 240Ti
172±l+4V 19.2± 4.1
603±30 8.4+ 3.3w 301 ±17
1.53± 0.75101+ 1.00.8+ 0.9Yb
2820± 100 791+ 511655+ 75 269+ 40Zn
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Table 8 (contrd)
Elemental concentrations of 24-hour air-particulate samples
(ngm/m3)
Sample 22FSample 23F Sample 31FSample 21 TElement
4700+ 11003320+ 29030300± 8500 4670± 460Al
1031+ 0.100.090+ 0.033Au
500+ 24464± 23 758+ 34Br 48.3+ 5.5
83± 17 15.8+ 3.311.5+ 3.6Ce
1.57+ 0.651.48+ 0.701.02+ 0.662.53± 0.95Co
20+ 11 14+111.1+ 14Cr 26 ±11
Cu






9280+ 670 3150+ 2304850± 260 4930± 530Na
13.7+ 2.50.3+ 2.610.6+ 2.78.1+ 1.9Sb
0.1.9+ 0.076 0.309+ 0.067 0.643+ 0`0742.65+ 0.15Sc
2.93+ 0.258.93+ 0.47Sm





3170± 110 832+ 56 279+ 46Zn 297 ±45
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Table8 ( cont' d )
Elementalconcentrationsof 24 - hour air - particulatesamples
( ngm/ m 3 )
Sample35 FSample34 FElement Sample33 FSample32 F
12100 ± 1800 11000 ± 180024400 ± 2900 6910 + 750Al
3 . 09 + 0 . 161 . 97± 0 . 12 0 . 227± 0 . 055Au
499 ± 22 486 ± 24 406 ± 21Br 477 ± 23
17. 4 ±4 . 317. 7 ±4 . 1Ce
2 . 45 0 . 792 , 96± 0 . 921 . 10± 0 . 721 . 68± 0 . 62Co
21 ± 12 43 ± 1127 ± 1112 ± 11Cr
cu
5330 ± 5604390 ± 5703270 ± 530Fe 2580 ± 410
Hf
6 . 8 ±2 . 26 , 1 ±2 . 36 . 2 ±2 . 04 . 6 ±2 . 0Hg
3 . 5 ±1 . 48 . 2 ±1 . 5La
Lu
432 ± 71235 ± 40 312 ± 50Mn 64 ± 10
3410 ± 230Na
11. 0 ±2 . 811. 7 ±2 . 910. 1 ±2 . 78 . 0 ±1 . 5Sb
0 . 409± 0 . 0770 . 412± 0 . 0670 . 912± 0 . 0810 . 588± 0 . 077Sc
0 . 59+ 0 . 211 . 78± 0 . 281 . 15± 0 . 19Sm
3 . 23± 0 . 693 . 75± 0 . 864 . 07± 0 . 653 . 48± 0 . 78Th
Ti
76 ± 1476 ± 13100 ± 17V
w
Yb
506 ± 54 607 ± 51339 ± 45Zn 320 ± 46
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6.2 Comparative study among industrial areas, heavy traffic areas and
residential areas
In Table 2, the sampling location were classified into heavy traffic
area, industrial area, and residential area. However such distinct
classifications are often difficult to apply to most places in Hong Kong.
It has been said in Chapter 1 that people in Hong Kong were crowded
within small built-up areas and most factories were built very near to
the areas of dense population. For this reason, only those areas having
distinct classifications are considered in the comparative study of
air pollution level among heavy traffic area, industrial area, and
residential area.
Average trace element concentrations in air particulates in heavy
traffic area, industrial area, and residential area are listed in Table 9.
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Table 9
Comparative study of trace element concentrations among
heavy traffic areas, industrial areas, and residential areas
Average trace element concentration( ngm/m3)
Industrial ResidentialElement Heavy traffic















# only found in locations A and B.
# not found in location S.
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All trace element concentrations in air particulates in residential
area are less than those in industrial area and heavy traffic area. It is
an expected result because residential area has no severe pollutant sources.
Cobalt, chromium, manganese, and zinc are industrial pollutants./18/
High concentrations of these elements are found in industrial area.
Especially, the concentration of chromium and zinc in industrial area
are 77 and 26 times higher than the values in heavy traffic ores. On the
other hand, high concentration of bromine is found in heavy traffic area.
It is 5.5 times higher than the value in industrial area and 15.4 times
higher than the value in residential 'area. Since emission from vehicles
are interpreted as the major source of bromine,/14/ so that its high
concentration in heavy traffic area is expected.
In Figure 11, the concentrations of bromine at different locations
are drawn. Highest concentration is found in heavy traffic area, fairly
high concentrations are found in industrial areas, and low concentrations
are found in residential areas. Besides the emission from vehicles,












A BC D E G H I J K L M N P Q R S
Sampling location
Figure 11. Concentration of bromine in air particulates at various locations.
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Maximum concentrations of elements in air particulates among
different locations are shown in Table 10. Except at location R (Castle
Peak), maximum concentrations of elements are found in either industrial
areas (locations C, D, E, and Q) or heavy traffic areas (locations I, J,
and K). This is another way showing that heavy traffic area and industrial
area have severe problem of air pollution.
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Table 10
Maximum concentrationf trace elements found in the samples
Maximum concentration
Element Sampling location

























Three results in Table 10 are remarkable. First, high concentrations
of aluminium, iron, and manganese at location I (North Point) were found.
Second, high concentrations of chromium, copper, mercury, and zinc were
found at locations C and D. Third, high concentrations of cerium,
lanthanum, samarium, scandium, thorium, hafnium, and ytterbium were found
at location R (Castle Peak).
Industrial areas on the average have high concentrations of Co, Cr,
Hg, rin, Cu, and Zn. However it is not necessary that each industrial area
would has high concentrations for each of the above trace elements. For
example, high concentrations of copper (2500 ngm/m3) and zinc (21000 ngm/m3)
were found at location D only, while no copper and little amount of zinc
(500 ngm/m3) were detected at location C and location Q high concentration
of chromium (2960 ngm/m3) was found at location C. while low values
(210 ngm/m3 and 96 ngm/m3, respectively) were found at location D and
location Q. It shows that industrial pollutants sources are localized.
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6.3 Weekday variation study at Hung Hom
Weekday variation of concentration of six trace elements (Br, Co, Cr,
Hg, Sb, and Zn) are shown in Figure 12. Seven 24-hour samples were
collected continuously from April 5, 1977 to April 11, 1977 at Hung Hom.
For mercury, chromium, and antimony no significant variation of
concentration between each weekday is observed. Though concentrations of
zinc, bromine and cobalt have some weekday variations, their significant
levels are not high.
In the previous investigation of air pollution in Hong Kong,/1,2/
Hung Hom was classified as the most polluted area. Since then improvements
on the control of air pollutants in this area have been made. However the
result of present investigation shows that Hung Hom is Mill a highly
polluted area. The average concentration of bromine from April 5, 1977 to
April 11, 1977 is 520 ngm/m3. This value is comparable to those values
found in heavy traffic areas such as Tsim Sha Tsui and Central District.
Since the sampling location is not a heavy traffic area, therefore
emission from vehicles should not be a major cause of such high concentration
of bromine. Probably the emission from a nearby power plant (Hok Un Power
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The nondestructive neutron activation analysis is quite suitable for
the study of trace elements in air particulates./7,8/ This method has
better precision and sensitivity than most other methods such as X-ray
fluorescence spectrometry, atomic absorption spectrometry, and emission
spectrometry./18/ The procedure of analysis is rather routine and straight-
forward that a skillful technician is not required. Also, the treatment
of the samples is simple that there is little opportunity for contamination
or loss of material. For the measurements of elements (such as Al, Br, V,
and Mn) having high thermal neutron cross-section and short-lived
irradiation products, the analysis of one sample can be completed within
one hour. However there is limitation for this method-- no information
about the chemical structures of the elements can be obtained from neutron
activation analysis. Thus, nondestructive neutron activation analysis
should be considered as a complement to other analytical techniques.
Chlorine was detected in all samples but no quantitative analysis
had been made. The reasons are: first, chlorine presents in air particulates
in chloride form (such as NaCl), and it is not considered as an air
pollutant second, Whatman 41 filter has blank value of chlorine third,
RbCl was added to the samples as flux monitor.
The present procedure of analysis can not detect the presence of lead
in air particulates because the induced radioactive nuclide, Rb207m, has
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a rather short half-life (0.82 second). However the measurement of lead
by neutron activation analysis will be possible if a fast transfer system
(transfer time is less than 0.5 second) is available./17/
The result of the analysis of thirty-six samples show that air-
particulate pollution level is high in Hong Kong, especially those
industrial areas and heavy traffic areas. Examples of these areas are
Kwai Chung and Central District. In Table 11, concentrations of trace
elements of air particulates in some other cities are shown. From the
comparison between the concentrations in Table 9 and those in Table 11,
concentration of Br, Co, Cr, and Zn are rather high in heavy traffic areas
and industrial areas of Hong Kong. Though direct clinical effects of these
elements are not observed, it is certain that high concentration of these
elements has influence on man's health./5/
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Table 11
Trace element concentrations of air particulates in
East Chicago /8/, New York /10/, Toronto /16/,
and Santiago /10/
( ng4/m3)
New YorkEast Chicago Toronto Santiago
Element
June 11, 1969 March 1972 summer, 1974 March 1972
2175 1790 2100Al 15000










2300 650Na 455 3300
12.0 6.9 2..0Sb 32
0.44 0927Sc 3.1 3.0
0.84 0.330.41 o.63Sm
1.3 0.08Th 1 o05
170190Ti





Certainly the results of present analysis can not give a complete
description of air pollution problem in Hong Kong. Firstly, concentrations
of gaseous pollutants such as oxides of sulphur, oxides of nitrogen, and
carbon monoxide have not been measured secondly, concentration of lead
has not been determined. However the analysis of trace elements in air
particulates does show remarkable results in the study of air pollution
in Hong Kong.
Finally air pollution is indeed a great problem in Hong Kong. The
solution of the problem is the regular measurement and control of the
air pollutants. Nondestructive neutron activation analysis does provide
a possible way for the analysis of trace elements in air particulates.
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